The possibility of using through-mask electrodeposition to fill features with active sidewalls was investigated. Both metal (Ni) and conductive substrates were employed; the demolding of electroformed Ni metal parts from metal substrates was difficult despite the use of various lubricants. Because of damage to the electrodeposited parts during the demolding process, conductive plastic substrates appear more feasible than metal substrates. Direct current was capable of filling features with low aspect ratios (~2) with only minor voiding. For higher aspect ratio features (~7), pulsed deposition and direct current with the leveling agent coumarin appeared to be more effective than pulsed reverse deposition. Since the characteristic diffusion time constant varies with the square of the feature depth, chloride ions are necessary to prevent passivation during the long pulse off-times required for uniform feature filling through a thick mask. It is shown that although thick masks require long pulse off-times, the recommended deposition rate for uniform filling (available in the literature) should not depend on the mask thickness (although the total deposition time will). 2 ACKNOWLEDGEMENT
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Micro-Replication: Precision Metal Parts from Electroformed Master Molds Introduction
Although methods exist to produce plastic microstructures costeffectively (e.g., hot embossing and injection molding), 1-3 a simple, economical way to produce metallic microstructures has not yet been clearly demonstrated.
Thies et al. used cluster beams from a nozzle source to deposit Ag at the bottom of features in an injection-molded PMMA substrate. [4] [5] This process was followed by conventional Ni electrodeposition into the features after making electrical contact to the Ag clusters (no details as to how this was done are given). 4 Attempts at micro precision casting (using molten metal to fill ceramic molds) and micro metal injection molding (using fine metal powders with binder to fill molds) are summarized by Ruprecht et al. 6 These latter two methods, while potentially viable at some point in the future, are in need of further development before they are used on a routine basis for fabrication of metallic microstructures. 7 Another interesting approach to the problem has been the use of conductive plastic material that may be formed and simultaneously patterned by injection molding. A metal master mold with the desired pattern (formed of Ni or a Ni alloy via the conventional LIGA process, for example) 8 is used for the injection molding to transfer the pattern to the conducting plastic material. The conducting plastic, bearing the desired features, is then used as a substrate for electrodeposition. 6 The plastic mold with the metal microstructures is then planarized, after which the plastic is dissolved in an organic solvent such as acetone. The process is summarized in Figure 1 . The advantages of this approach are that no special equipment is necessary and that, as in the conventional LIGA process, electrodeposition is used to form the features. This technique is also known as the "lost mold" process. The problem observed by previous workers with this approach is the presence of voids in the center of the electrodeposited metal microstructures.
An important difference between this process and the conventional LIGA process is the presence of active sidewalls when using a conducting plastic; this is also depicted in Figure 1 . Hence, the film grows from the sidewalls as well as from the bottom of the feature. Voids result when the upper portion of the feature grows more rapidly than the bottom; the top of the feature may be pinched off when the growing metal fronts from the two sidewalls meet. The replenishment of metal ions from the bulk of the electrolyte to the lower portion of the feature is no longer possible, and a void results.
These previous studies using conductive plastic substrates did not mention the possibility of using pulse plating or additives known as leveling agents to overcome the observed voiding problem. However, pulse plating and leveling agents have been used in copper plating for printed circuit boards to fill features of about 100 microns with active sidewalls. 9 Additives are essential in the electrodeposition of void-free Cu on chip interconnects (in this case the sidewalls are active also, but the length scale of interest is submicron). 10 The classic leveling agent studies in the 1950's and 1960's all dealt with Ni electrodeposition and features on the order of ~100 microns. The most studied leveling agent for Ni is coumarin, [11] [12] which does not contain sulfur that can embrittle the deposited metal. In this study we give consideration to these possibilities to enable void-free feature filling on substrates with active sidewalls.
The possibility of electroplating directly on a metal substrate (fabricated by the conventional LIGA process) is also explored. Separation of the metal microstructures of interest is made possible by chemically treating the metal substrate before electrodeposition. 13 The metal piece with the microstructures would then be potted in a plastic support for subsequent planarization. This process alternative is shown in Figure 2 . Features for electrodeposition on conductive PMMA (doped with Ag particles) were formed by drilling holes into the surface, resulting in trenches 150 mm wide and 1 mm deep. The dimensions of these features, having an aspect ratio of ~7, were designed to be challenging in order to test the featurefilling capabilities of the four different electrodeposition schemes listed in Table   1 , along with corresponding electrolytes. For pulse reverse plating, Cl -ions were added to the conventional sulfamate electrolyte since they are necessary 11 for dissolution during the stripping part of the pulse. As the leveling agent coumarin is typically employed with a Watts-type bath, an electrolyte this type was used here for experiments with coumarin. All chemicals were certified ACS grade, and S-depolarized Ni was used as the counterelectrode in a twoelectrode arrangement. The pH of all electrolytes was between 3.5 and 4.0.
The bulk of the electrolyte was well mixed, but no special measures were taken to attempt to enhance flow into the features. The choice of the pulse parameters is discussed in the following section. 15 showed that the off-time (t off ) should be on the order of the time constant and the deposition time should be smaller than the diffusion time constant for void-free filling of features with active sidewalls.
An interesting observation of equation (1) is that t (and the pulse off-time if pulsed deposition is used for void-free feature filling) scales with the feature depth to the second power. A two-fold increase in PMMA thickness then results in a four-fold increase in the off-time necessary to uniformly fill the feature; this suggests that this method is better suited to thinner PMMA molds and to electrolytes where pulsing with long off-times is possible. For the conventional sulfamate electrolyte, t off > ~1 minute lead to laminations and possibly poor deposit quality due to passivation during t off . In order to test a conventional nickel sulfamate electrolyte and avoid these complications, a t off value of 30 sec was chosen. We thus expect that the features will not be perfectly filled, but the experimental results will provide valuable information as to how poor the filling performance is; in the case of very non-uniform filling, the electrolyte chemistry will have to be altered to accommodate long t off values (e.g., by adding Cl -ions to prevent passivation).
In Reference 15 it was shown that using pulse reverse plating improves feature-filling performance. This approach was tested here as well; the stripping portion of the wave was enabled by introducing Cl -ions to the electrolyte, as outlined in Table 1 . Figure 4 shows the differences between pulse and pulse reverse plating, along with the details of the pulsing.
Apparently the dissolved Ni 2+ ions within the feature may diffuse down towards the trench bottom, lessening the difference in Ni 2+ concentration along the trench depth under certain conditions. A more detailed explanation is available in Reference 15.
The efficacy of leveling agents, such as coumarin in this study, depends on mass transport effects. A simple explanation for their observed effects is that they inhibit metal deposition by blocking the surface; since they are consumed at a rate controlled by mass transport, high points on the substrate receive a higher flux of the leveling agent than lower points. 9,11-12 Current for metal deposition is thus diverted towards the low points of uneven surfaces.
Modifications to the fluid flow across the wafer may be made to optimize the performance of leveling agents since they are sensitive to transport conditions, but a detailed investigation of this aspect was not attempted here. 
Results and Discussion
Metal on Metal Deposition
Figures 5a and b show the results of demolding a Ni piece that was plated on a Ni master formed from the conventional LIGA process. Some damage is evident from the mechanical demolding; a fair amount of effort was necessary to pry to two pieces of Ni apart. The supplementary lubricants tried here did not have an appreciable effect on the ease of this operation. White arrows indicate a few missing structures (although several are evident) that were lost presumably during the demolding process. Figure 6 shows a higher magnification view of the demolded piece. It is somewhat surprising that the tooth-like features are still present and are in reasonably good condition, given the harshness of the demolding process. Damage is greatest close to the interface with the Ni master. It is likely that some deformation of the Ni piece shown occurred while some of the teeth were still attached to the master substrate, leading to the cracking apparent in Figure 6 .
The separation damage is also evident in cross section. Figure 7 is a cross sectional optical micrograph of a region of the master mold where the two halves did not separate during demolding. Even though direct current was used for the Ni on Ni deposition, the voids are relatively small. This is presumably due to the low aspect ratio and small height of the features. It is interesting to note the difference in grain structure between the master mold and the "daughter" Ni; since the master (the substrate, on the bottom of the micrograph in Figure 7b) have some minor voiding. This is not surprising since direct current was used to make the Ni daughter. Equation (1) suggests for this geometry a diffusion time constant of ~23 sec. Reference 5 recommends using t on < t/2. This leads to a duty cycle (t on /t pulse , where t pulse is the total pulse period) of about 1/3. Since growth occurred from both sidewalls and the deposition rate was about 18 mm/hour, it took approximately 3 hours to fill the 100-mm wide features using direct current. For this geometry, equation (1) predicts that using pulsed deposition to achieve void-free filling would increase the total deposition time to 9 hours, still a reasonable plating time. Since it is the width of the features that determines their filling times, pulsed deposition schemes are better suited to narrow features that still may be filled within a reasonable time despite potentially long off-times and low duty cycles. The feature-filling performance of the deposition schemes listed in Table   1 was assessed by cross-sectioning the features after deposition. For the sample made with direct current, it was found that no metal was deposited within the features; it is not known if this was due to entrapped bubbles present before the deposition or by gas evolution during the deposition itself. Another possibility is the creation of a resin-rich layer during the hole drilling, resulting in a nonconductive surface in the feature. In any case, the same problem was encountered with the sample fabricated with pulse reverse deposition. Pulsed deposition resulted in metal distributed throughout the features as shown in the optical micrograph in Figure 9 somewhat non-uniformly; the features made by direct current with coumarin were similar in overall appearance and are not presented here. The feature-filling performance F was quantified by the following definition
where d int is the deposited film thickness of the deposit halfway down the interior of the feature and d ext is the deposited film thickness on the exterior of the feature as indicated in Figure 9 . Table 2 compares F values for each of the four electrodeposition schemes. Both pulsed deposition and direct current deposition resulted in interior thicknesses about 15% of that exterior of the feature. One interesting aspect of the feature filling for pulsed deposition and deposition with a leveling agent is that the deposit thickness diminishes until ~300 mm into the feature, after which it remains approximately constant. This is consistent with the expectation that the Ni 2+ concentration and the local deposition rate both diminish with the feature depth.
24 500 mm Figure 9 . Cross-sectional optical micrographs of partially filled high-aspect ratio features drilled into conductive PMMA. Pulsed electrodeposition was used as described in Table 1 to deposit Ni. Since t off << t, non-uniform filling results. Thicknesses to determine F are as indicated on the figure.
Due to the limitation on the maximum value for t off in a chloride-free bath, 16 it was necessary that t off << t. It was expected that the features would not be uniformly filled, but the extent to which the constraint on t off would affect the non-uniformity was not known. Evidently from Figure 9 , t off must be significantly larger than the chosen value of 30 sec for this feature geometry, necessitating an alteration to the bath chemistry. 16 In principle, given an adequately long off-time and short on-time, features like those in Figure 9 may be filled in a void-free fashion. Assuming a t on @ t/4 and t off @ t, for example, 15 and keeping i on constant at 15 mA/cm 2 , it would take ~20 hours to fill a 150 mm wide feature. Future studies will consequently focus on chloride-containing electrolytes.
Although t off scales with L 2 as discussed in the theory section, this does not mean that the total time to fill a feature does so as well. If the void-free (3) where f is the duty cycle. Thus, the average deposition rate does not depend on the individual lengths of the pulse but rather on i on and the duty cycle. For example, t for a 100 mm thick mold is ~10 sec, leading to t on of 2.5 sec and t off of 10 sec. With a i on of 15 mA/cm 2 , the deposition rate is ~ 3.7 mm per hour.
For a 1000 mm thick mask, t on = 250 sec and t off = 1000 sec; f and i on are unchanged, resulting in a deposition rate of ~ 3.7 mm per hour. If f can be kept constant by increasing the pulse on-times to accommodate long off-times for large PMMA thicknesses, the recommended deposition rate should be independent of mask thickness (although the total deposition time will not). We plan to test this predicted behavior in future studies.
Conclusions
Through-mask electrodeposition may be used to fill features with active sidewalls. The success of such an approach depends on the size of the features and the selection of deposition parameters, such as the current waveform and the presence of leveling agents. Pulsed deposition and employing leveling agents appeared to be better than pulse reverse plating at filling features with aspect ratios > ~7, while features having aspect ratios <2 were filled with only minor voiding with simple direct current. Required pulse off-times for thicker masks necessitate the use of electrolytes with chloride ions. Conductive plastic substrates appear to be more promising than metal substrates since demolding is problematic in the latter case.
